The electrochemical behavior of platinum in dilute acidic media solutions were investigated using a rotating disc electrode system and a modified electrochemical cyclone cell at 25°C. Electrochemical polarization data showed that the limiting current density for platinum deposition was observed around −0.25 V (vs. SCE), and the diffusion coefficient of platinum estimated using Levich equation was 3.25 × 10 −6 cm 2 s −1
Introduction
Although platinum is extensively used as a catalyst in industrial chemical synthesis and in manufacture of electronic equipments, the distribution of platinum from the secondary sources in the environment has not been intensively studied and so far only little information is available [1, 2] . With the introduction of platinum and platinum containing catalytic converters in the petrochemical industry, the emission of these metals into the environment has increased. Recently, as a technique for the recovery of platinum from secondary sources, hydrometallurgical processes using hydrochloric acid leaching have attracting increasing attention [3] . Since leaching solutions contain very small amounts of precious metal in general, enhancement of mass transfer by decreasing the diffusion layer thickness is very important to reduce the time and cost of electrowinning process. Based on the hydrocyclone's principal feature of helical accelerated flow [4] [5] [6] [7] , an electrochemical cyclone cell was employed for the recovery of metal from dilute solution [5, 6] , but the rate of removal of metal was still relatively low.
The aim of the present study is to investigate the electrochemical behavior of platinum in acidic chloride solution using a rotating disk electrode and also to find optimum conditions for platinum recovery using a modified electrochemical cyclone cell.
Experimental
A titanium disk of 1 cm 2 was mounted in epoxy resin and polished with 3 µm alumina powder for the rotating disk experiments. Electrolytes were prepared by dissolving H 2 PtCl 6 (Aldrich, 99.99%) in water and the pH was adjusted with hydrochloric acid. A typical three electrode system (titanium rotating disk electrode, vitreous carbon counter-electrode, and saturated calomel reference electrode) was employed to elucidate the basic electrochemical behavior of platinum in acidic solution, using EG & G model 273 potentiostat/ galvanostat and a EG & G rotator. All potentials are referred to the standard calomel electrode.
An electrochemical reactor, utilizing the principal features of the well-known hydrocyclone, was fabricated for platinum recovery in dilute acidic solution. The schematic arrangement of the cyclone-type cell is shown in Fig. 1(a) . A similar cell was employed and tested previously, but the rate of recovery of metal was relatively slow [5, 6] . The cell was modified, especially on the anode side to increase the anode area using a graphite tube as an anode. A titanium cylinder served as cathode, having an inner diameter of 25 mm and a height of 20 mm. Electrolyte flowed not only through the apex at the bottom of the cyclone but also through the graphite tube ( Fig. 1(b) ) of which both the inner and outer sides can be served as an anode. These two electrodes were connected to a d.c. power supply. The solution-containing tank was coupled to the cell via a rotary pump to control the flow rate, and the flow rate of solution was measured with a flow-meter. All experiments were performed under potentiostatic conditions, and samples were withdrawn periodically to measure the Pt concentration by atomic absorption spectroscopy (GBC904 AA) or inductively coupled plasma spectroscopy (ICP-1000IV, Shimadzu).
Results and discussion

Cathodic polarization behaviours
Electrodeposition of platinum in acidic chloride media can be expressed as follows:
Where E o is the standard state potential. Figure 2 shows the cathodic polarization curves with a variation of rotation speed at 25°C. The limiting current density for platinum deposition was observed around −0.25 V with a small potential range of 0.25 V. In addition to, the limiting current density which appeared around −0.50 V with a potential range of 0.50 V shows the hydro- · gen evolution and the cathodic polarization behavior was almost independent of pH as shown in Figure 3 . Limiting current densities for platinum deposition are plotted against square root of rotation speed: the plot shows good linearity and obeys the Levich equation well [8] ,
Here i l is the limiting current density, n is the number of electrons transferred in Reaction 1, F is the Faraday constant, D is the diffusivity, v is the kinematic viscosity, ω is the electrode rotation speed, and Cb is the bulk concentration of platinum. The diffusion coefficient of platinum calculated from the slope of the inserted graph in Figure 2 is 3.25 × 10 −6 cm 2 s −1 , which agrees well with the reported value [9] . Figure 4 illustrates the temperature dependency of the electrodeposition of platinum. An Arrhenius plot was made and the activation energy of 9.88 kJ mol −1 is obtained which supports that this system is diffusion controlled. Electowinning of Pt using a modified cyclone cell
Electrowinning of platinum using a modified cyclone cell was performed at 25°C. Figure 5 shows the effect of flow rate, which is correlated in terms of linear velocity of solution at an applied potential of 2 V and pH of 3. Here the linear velocity is defined as the ratio of the flow rate to the cross sectional area of inlet in the cyclone cell. The concentration of platinum drops exponentially for high flow rates due to a turbulent nature, while linear-like shape appears for the laminar flow case of 0.6 m s −1 , and the rate of removal of platinum from the solution increases with the flow rate.
The effect of applied voltage is shown in Figure 6 at a linear solution velocity of 3.0 m s
and pH of 3. The initial concentration of platinum was approximately 200 ppm. In the case of 1.5 V, the recovery of platinum is 75% after 2 hours while it reaches close to 90% at 2.0 V and 3.0 V within an hour. Comparing the latter two cases, the rates of recovery of platinum are close with each other, and this suggests that the current for recovery of platinum reaches the limiting current at 2.0 V. Thus electrowinning at cell voltage of 2.0 V is more efficient than that of 3.0 V. From a recovery rate point of view, the rate of recovery of platinum is slower than that of palladium [10] .
From these results, the optimum applied voltage would be 2 V considering the energy consumption since the recovery rate of platinum would be slow at lower concentration of platinum. At a relatively high cell voltage, the deposits are powdery and gray in color. However under the condition of cell voltage of lower than 1.5 V, metallic films are obtained. In general, the increase of flow rate leads to a higher mass transfer but the erosion of the metal deposit takes place, and powdery deposits are observed similar to this study [11, 12] .
Conclusion
The electrochemical behavior of platinum was investigated using a rotating disk electrode, and the electrowinning of platinum was carried out using a modified cyclone reactor in dilute acidic chloride solution. The diffusion coefficient and activation energy were obtained from rotating disk electrode experiments and found to be 3.25 × 10 −6 cm 2 s −1 and 9.88 kJ mol −1 , respectively. The optimum applied voltage of cyclone cell would be 2 V considering the energy consumption. Increasing the electrolyte flow promoted the rate of removal of platinum from the solution significantly, and 90% of platinum in solution was recovered within an hour under optimum condition. Finally, the electrowinning of platinum using a modified cyclone reactor is a prospective process for precious metal recovery from dilute solution efficiently. 
